Abstract In Parkinson's disease (PD) patients and animal models of PD, the progressive degeneration of the nigrostriatal dopamine (DA) projection leads to two major changes in the morphology of striatal projection neurons (SPNs), i.e., a profound loss of dendritic spines and the remodeling of axospinous glutamatergic synapses. Striatal spine loss is an early event tightly associated with the extent of striatal DA denervation, but not the severity of parkinsonian motor symptoms, suggesting that striatal spine pruning might be a form of homeostatic plasticity that compensates for the loss of striatal DA innervation and the resulting dysregulation of corticostriatal glutamatergic transmission. On the other hand, the remodeling of axospinous corticostriatal and thalamostriatal glutamatergic synapses might represent a form of late maladaptive plasticity that underlies changes in the strength and plastic properties of these afferents and the resulting increased firing and bursting activity of striatal SPNs in the parkinsonian state. There is also evidence that these abnormal synaptic connections might contribute to the pathophysiology of L-DOPA-induced dyskinesia. Despite the significant advances made in this field over the last thirty years, many controversial issues remain about the striatal SPN subtypes affected, the role of spine changes in the altered activity of SPNs in the parkinsonisn state, and the importance of striatal spine plasticity in the pathophysiology of L-DOPA-induced dyskinesia. In this review, we will examine the current state of knowledge of these issues, discuss the limitations of the animal models used to address some of these questions, and assess the relevance of data from animal models to the human-diseased condition.
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Keywords Monkey Á Striatum Á Dopamine Á Glutamate Á Corticostriatal Á Thalamostriatal Anatomy, connections, and cell types of the striatum One of the main neuropathological features of Parkinson's disease (PD) is the degeneration of the nigrostriatal dopaminergic pathway, which induces complex physiological changes within the basal ganglia (BG) circuitry. The BG is a group of interconnected subcortical nuclei, including the striatum, globus pallidus (GP), substantia nigra (SN), and subthalamic nucleus (STN). The information that flows through the BG circuitry is segregated into motor, associative, and limbic/emotional domains based on their relationships with specific cortical projection areas and the engagement of these regions in various behaviors (Alexander et al. 1986; Lanciego et al. 2012 ). The GP is formed by two anatomically and functionally separate nuclei; the external (GPe) and internal (GPi) pallidal segments in primates; and GP and entopeduncular nucleus (EPN) in rodents. The substantia nigra (SN) comprises two separate nuclei: the GABAergic pars reticulata (SNr) and the dopaminergic pars compacta (SNc). The dopaminergic neurons of the SNc project primarily to the striatum, but also provide significant innervation of other BG nuclei (Smith and Kieval 2000; Garcia-Cabezas et al. 2009 ) (Rommelfanger and Wichmann 2010) , while the SNr and GPi (and EPN) are the output nuclei of the basal ganglia that project to the thalamus and brainstem.
The dorsal striatum, formed by the putamen and caudate nucleus in primates, is mainly innervated by sensorimotor (to postcommissural putamen) and associative (to caudate nucleus and precommissural putamen) cortices, respectively, while the ventral striatum (to nucleus accumbens and olfactory tubercle) is the main target of limbic-related inputs from the hippocampus, amygdala, and medial prefrontal cortices. Together with the STN, the striatum is the main gateway of extrinsic information from the cerebral cortex to the BG circuits (Russchen et al. 1985; Alexander et al. 1986; Faull 1987, 1989; Haber et al. 1995; Parent and Hazrati 1995; Mink 1996; Smith et al. 1998; Fudge et al. 2002; Wichmann and DeLong 2003; DeLong and Wichmann 2007; Lanciego et al. 2012; Haynes and Haber 2013; Smith and Wichmann 2015) . The striatum also receives glutamatergic innervation from the thalamus. Although the thalamostriatal system originates from most thalamic nuclei, the caudal intralaminar nuclear complex, made up of the centromedian (CM) and parafascicular (Pf) nuclei in primates, is the main source of thalamic afferents to the striatum (Smith et al. 2004 (Smith et al. , 2009a Galvan et al. 2016) . It is noteworthy that the CM/Pf complex undergoes profound neuronal degeneration in PD (Henderson et al. 2000a, b; Halliday 2009 ) and in chronically MPTP-treated monkeys .
Within the dorsal striatum, the vast majority of neurons are the spiny projection neurons (SPNs) that represent 90-97% of all striatal neurons in rodents (Kemp and Powell 1971a, b, c; Gerfen et al. 1990; Oorschot 1996; Wickens et al. 2007 ). These GABAergic SPNs are the main targets of extrinsic inputs to the striatum and can be categorized into two main populations: (1) the direct pathway neurons that send their main axonal projections directly to the output nuclei of the BG (i.e., GPi and SNr), and express preferentially the D1 dopamine receptors (D1R) and the neuropeptides substance P (SP) and dynorphin (DYN); and (2) The indirect pathway neurons that project preferentially to the GPe, and express D2 dopamine receptors (D2R) and the neuropeptide enkephalin (ENK) (Gerfen et al. 1990; Xu et al. 1994; Sidibe and Smith 1999; Lanciego et al. 2004; Lei et al. 2004 Lei et al. , 2013 Surmeier et al. 2007; Galvan and Smith 2011; Gerfen and Surmeier 2011; Huerta-Ocampo et al. 2014; Smith et al. 2014) . Although less frequent, some striatal SPNs project to both GPe and GPi/SNr and co-express D1 and D2 DA receptor subtypes (Kawaguchi et al. 1990; Surmeier and Kitai 1993; Hersch et al. 1995; Surmeier et al. 1996; Wu et al. 2000) . Striatal SPNs also express D3R, D4R, and D5R, albeit to a lower degree than D1R and D2R (Rivera et al. 2002 (Rivera et al. , 2003 Fiorentini et al. 2015 ). As mentioned above, the STN is also considered as a major entry for cortical information to the BG network (Nambu et al. 2000; DeLong and Wichmann 2010) . Because information flows more rapidly to the BG output nuclei via the cortico-subthalamic projection than via the direct and indirect trans-striatal pathways, the trans-subthalamic route is referred to as the hyperdirect pathway of the BG (Nambu et al. 2002; Papa and Wichmann 2015; Smith and Wichmann 2015) .
Even though D1R and D2R SPNs display very similar morphological characteristics, the D2R SPNs exhibit increased excitability and harbor a less extensive dendritic tree than D1R cells in mice (Surmeier et al. 2007; Gertler et al. 2008; Kreitzer and Malenka 2008; Fieblinger et al. 2014) , and each type of SPNs is differentially modulated by DA in normal and diseased states (Surmeier et al. 2007; Day et al. 2006; Kreitzer and Malenka 2008; Shen et al. 2008; Kreitzer 2009; Fieblinger et al. 2014; Suarez et al. 2014 Suarez et al. , 2016 . The dendritic trees of both populations of striatal SPNs are covered with spines, which are the main targets of glutamatergic inputs from the cerebral cortex and thalamus (Fig. 1a) . In rodents, the dendrites of individual SPNs harbor as many as 5000 spines (Wickens et al. 2007 ). In addition to their glutamatergic innervation, a subset of striatal spines also receives synaptic inputs from midbrain dopaminergic neurons which frequently terminate onto the neck of the spine or a nearby segment of the dendritic shaft, thereby providing an anatomical substrate for close synaptic interactions between glutamatergic and dopaminergic inputs (Freund et al. 1984; Smith and Bolam 1990; Smith et al. 1994 Smith et al. , 2014 Nicola et al. 2000; Wickens et al. 2007; Moss and Bolam 2008) . These functional interactions are critical for the development and maintenance of long-term synaptic plasticity of glutamatergic corticostriatal synapses (Nicola et al. 2000; Calabresi et al. 2007; Surmeier et al. 2007 Surmeier et al. , 2010 Gerfen and Surmeier 2011; Picconi et al. 2012) .
The aspiny interneurons are far fewer in number, accounting for about 3-10% of the total striatal population in rodents. This proportion is significantly higher in primates, where interneurons account for as much as 24% of the striatal neuron population (Pasik et al. 1976; Graveland and DiFiglia 1985; Roberts et al. 1996; Wu and Parent 2000; Rivera et al. 2002; Tepper and Bolam 2004; Bernacer et al. 2005 Bernacer et al. , 2007 Bernacer et al. , 2012 Oorschot 2013; Gonzales and Smith 2015) . Anatomically, they can be categorized into medium-sized GABAergic cells and large cholinergic neurons (Fig. 1b) (Kawaguchi et al. 1995; Bernacer et al. 2007 Bernacer et al. , 2012 Gonzales and Smith 2015) . Medium-sized GABAergic interneurons can be further classified histochemically into different subtypes: (a) parvalbumin-, (b) somatostatin-, neuropeptide Y-, and nitric oxide synthase-, (c) calretinin- (Tepper and Bolam 2004; Bernacer et al. 2005 Bernacer et al. , 2007 Bernacer et al. , 2012 and (d) tyrosine hydroxylase (TH)-positive (Tepper et al. 2010) . This latter subtype is rare in the normal primate striatum, but undergoes an upregulation after striatal DA denervation (Betarbet et al. 1997; Mazloom and Smith 2006; Tepper et al. 2010; Bernacer et al. 2012 ). L-DOPA treatment further increases the prevalence of these interneurons in rodent models of PD (Espadas et al. 2012 ).
Structure-function relationships of dendritic spines
The analysis of the structure-function relationships of dendritic spines in synaptic plasticity and brain disorders are active areas of research in modern neuroscience. Dendritic spines were first described by Cajal (1888) when he was studying Purkinje cells of the avian cerebellum stained by the Golgi method. Using the Golgi impregnation, that enabled him the relatively complete staining of the dendritic trees, he noted that the dendrites of Purkinje cells were covered with small protrusions, which he called ''espinas'' (i.e., ''spines''), and proposed the idea that spines would extend the surface of the dendrites, and therefore dramatically increase their capability to receive axons (Cajal 1896) . The definitive demonstration of dendritic spines as postsynaptic units came later with electron microscopic studies (Gray 1959 ). Cajal also proposed that morphological changes in spines could be associated with neuronal function and learning, and compared the size, density and morphology of dendritic spines among different species (Cajal 1891 (Cajal , 1893 .
Dendritic spines are highly plastic entities that exhibit a wide spectrum of structural reorganization, from formation to elimination, to more subtle changes in size and shape in normal and diseased conditions. The use of cutting-edge techniques at the electron microscopic level for three-dimensional (3D) reconstructions of individual spines and cellular structures (Harris and Kater 1994; Spacek and Harris 1997; Yuste and Bonhoeffer 2001; Harris et al. 2006; Fiala 2005; DeFelipe 2008; Knott et al. 2008; Merchan-Perez et al. 2009; Smith et al. 2009b; Villalba and Smith 2010 , 2011a , b, 2013 Zhang et al. 2010; Villalba et al. 2015 Villalba et al. , 2016 Cali et al. 2016; Moratalla et al. 2016) , single-and two-photon microscopy in conjunction with fluorescent molecular tools (Yuste and Bonhoeffer 2004; Knott and Holtmaat 2008) and neuro-computational methods (Zhang et al. 2010 ) have been instrumental in advancing knowledge about the plasticity of dendritic spines and the pathophysiology of neuronal networks in various brain disorders (Ingham et al. 1989 (Ingham et al. , 1998 Harris and Kater 1994; Yuste and Bonhoeffer 2001; Fiala et al. 2002; Stephens et al. 2005; Zaja-Milatovic et al. 2005; Deutch et al. 2007; Surmeier et al. 2007 ; Bourne and Harris interneuron. This neuron has been immunostained using specific antibodies against the enzyme choline acetyltransferase (ChAT), a specific marker for cholinergic neurons. These neurons have large cell bodies, with a diameter-size between 30 and 50 lm, and different morphologies (ovoidal, elongated, or triangular). The length and ramification of their immunostained dendritic trees vary, and usually branch close to the cell body. Scale bar in a, b 25 lm Loss and remodeling of striatal dendritic spines in Parkinson's disease: from homeostasis to… 433
2008; Villalba et al. 2009 Villalba et al. , 2015 Villalba et al. , 2016 Villalba and Smith 2010 , 2011a , b, 2013 Suarez et al. 2016 ).
Striatal spine loss in Parkinson's disease and animal models of parkinsonism
Over the past three decades, it became clear that striatal SPNs undergo complex structural changes in the density, morphology and ultrastructural features of their dendritic spines in animal models of Parkinson's disease (PD). The first evidence for striatal spine loss in PD came from postmortem analyses of Golgi-impregnated striatal neurons in PD patients, which showed significant atrophy of the dendritic tree and loss of spines on individual SPNs in the diseased condition (McNeill et al. 1988 ). These findings were later confirmed and extended by various groups using the unilateral 6-hydroxydopamine (6-OHDA) rat model of PD (Ingham et al. 1989 ). Since then, numerous studies have demonstrated different degrees of spine pruning and plastic changes in striatal SPNs in rodent and monkey models of PD and in postmortem striatal tissue of PD patients (Ingham et al. 1989 (Ingham et al. , 1993 (Ingham et al. , 1998 Anglade et al. 1996; Meshul et al. 1999 Meshul et al. , 2000 Stephens et al. 2005; ZajaMilatovic et al. 2005; Day et al. 2006; Deutch et al. 2007; Neely et al. 2007; Solis et al. 2007; Shen et al. 2008; Smith and Villalba, 2008; Villalba et al. 2009 Villalba et al. , 2015 Villalba and Smith 2010 , 2011a , 2013 Garcia et al. 2010; Deutch 2014; Fieblinger et al. 2014; Suarez et al. 2014 Suarez et al. , 2016 Toy et al. 2014; Gagnon et al. 2017) . In PD patients, the severity of spine loss is homogeneous along the proximo-distal extent of dendritic branches (Stephens et al. 2007 ). Although there is consensus through the literature that striatal spine loss is closely associated with PD, much remains to be known about the importance of such changes in the pathophysiology of striatal SPNs and the development of parkinsonian motor symptoms in PD.
Is the extent of striatal spine loss related to the severity of parkinsonian motor symptoms?
Most findings about striatal spine loss in PD come from either postmortem studies of advanced PD patients (McNeill et al. 1988; Stephens et al. 2005; Zaja-Milatovic et al. 2005) or rodent models of parkinsonism with severe nigrostriatal dopaminergic denervation (Ingham et al. 1989 (Ingham et al. , 1998 Day et al. 2006; Deutch et al. 2007; Neely et al. 2007; Fieblinger et al. 2014; Suarez et al. 2014 Suarez et al. , 2016 Moratalla et al. 2016; Gagnon et al. 2017) . Although these studies provide important information about SPNs morphology in animals and patients that display parkinsonian motor symptoms, they do not help determine the course of striatal spine loss in relation to nigrostriatal DA degeneration and the severity of parkinsonian motor signs. We recently addressed this issue in chronically MPTP-treated monkeys, and found that the extent of dendritic spine loss on striatal SPNs is correlated with the degree of nigrostriatal DA denervation, but not with the development or severity of parkinsonian motor symptoms (Smith et al. 2009b; Villalba et al. 2009) (Fig. 2) . This was achieved through the analysis of striatal tissue of ''motor asymptomatic'' MPTP-treated monkeys with partial (*40-50%) striatal DA denervation (Fig. 2a , e, f) . Despite the lack of parkinsonian motor signs, SPNs in the post-commissural putamen (i.e., the sensorimotor striatum), one of most severely DA-depleted striatal regions in PD, displayed as much as 50% dendritic spine loss, while in striatal areas with less severe DA depletion, such as the caudate nucleus and nucleus accumbens, the extent of spine loss ranged between 20 and 25% (Smith et al. 2009b; Villalba et al. 2009 Villalba et al. , 2015 Villalba and Smith 2010 , 2011a , 2013 . Based on these findings, we concluded: (1) striatal spine loss is an early plastic change that is tightly associated with the degree of nigrostriatal dopaminergic degeneration in parkinsonism.
(2) The sole loss of striatal spines in the sensorimotor striatum (i.e., postcommissural putamen) does not account for the development of parkinsonian motor signs in MPTPtreated monkeys. At this stage, the functional significance of early striatal spine loss in response to DA depletion remains unknown. Does it represent a homeostatic response of SPNs to compensate for the changes induced by the lack of dopamine's modulatory effects on SPNs and their glutamatergic afferents? If so, it could be considered as a beneficial response that helps maintain normal striatal activity despite progressive striatal dopaminergic denervation during the motor asymptomatic prodromal stage of PD. Alternatively, is the spine pruning the beginning of a pathological process that progressively alters striatal glutamatergic transmission, SPNs activity and striatofugal outflow? These questions remain unanswered at this point. Future studies that relate parkinsonian motor signs with striatal recordings and ultrastructural analyses of glutamatergic synapses in chronically MPTP-treated monkeys at various stages of striatal dopamine denervation should help further address these issues.
What subtypes of striatal SPNs lose dendritic spines in parkinsonism?
The basic model of direct and indirect pathways introduced in the late 1980s has been instrumental in our understanding of the BG circuitry, the pathophysiology of PD, and in the development of new therapeutic approaches for BG-related movement disorders. The imbalance of activity between these two pathways in favor of an increased striatal output from indirect pathway neurons is considered as a key pathophysiological feature of PD (Albin et al. 1989; DeLong 1990; Smith et al. 1998; DeLong 2003, 2007; DeLong and Wichmann 2007) . Although there is agreement among investigators that SPNs undergo spine loss in PD and animal models of parkinsonism, there is some controversy as to whether both direct (D1R) and indirect (D2R) striatal SPNs are affected. Thus, various Golgi studies in 6-OHDAtreated rats, MPTP-treated monkeys, and PD patients described homogeneous loss of striatal dendritic spines across SPNs without any evidence for selective sparing of a specific subpopulation (McNeill et al. 1988; Ingham et al. 1989; Stephens et al. 2005; Zaja-Milatovic et al. 2005; Smith et al. 2009b; Villalba et al. 2009 Villalba et al. , 2015 Garcia et al. 2010; Smith 2010, 2013) . These findings are consistent with data in mice models of parkinsonism induced either by intrastriatal (Suarez et al. 2014 Moratalla et al. 2016) or medial forebrain bundle (MFB) (Gagnon et al. 2017 ) injection of 6-OHDA, or systemic treatment with MPTP (Toy et al. 2014) , which demonstrated that both D1R and D2R SPNs display significant spine loss in parkinsonism. However, these findings are at odds with other studies showing that D2R striatopallidal neurons, but not D1R striatonigral neurons, selectively lose spines in rodent models of PD. Day et al. (2006) provided the first evidence for this selective spine loss on indirect pathway SPNs in two different animal models of parkinsonism (Day et al. 2006 ). On the one hand, they showed that D2R SPNs displayed *50% spine loss in reserpine-treated BAC D2R mice, whereas no significant spine pruning was found in D1R SPNs of reserpine-treated BAC D1R mice (Day et al. 2006) . Those authors further supported these observations with quantitative electron microscopy data showing selective loss of D1R-negative spines (presumed striatopallidal D2R-containing spines) in the dorsal striatum of DA-depleted rats following injection of 6-OHDA in the MFB (Day et al. 2006 ). This preferential loss of spines on indirect (i.e., D2R-positive) versus direct (i.e., D1R-positive) pathway neurons has also been reported in other studies by the same group and another using 6-OHDA MFB lesion in transgenic BAC D1R and D2R mice (Schuster et al. 2009; Fieblinger et al. 2014) . A single nonhuman primate study described a selective decrease in D2R spines accompanied with an increase in the density of D1R spines in the caudate nucleus of cynomolgus monkeys acutely intoxicated with MPTP (Scholz et al. 2008; Schuster et al. 2009 ). As in PD patients, the dendritic atrophy of both populations of SPNs has been described in some mice models (Fieblinger et al. 2014; Gagnon et al. 2017 ), but not in others (Suarez et al. 2014 ).
Although there is no clear explanation for these discrepancies, an important factor to consider in the interpretation of these findings is the lack of details provided by the authors about the extent of thalamic cell loss in their animal models. As mentioned above and discussed in previous studies (Henderson et al. 2000a, b; Smith et al. 2004 Smith et al. , 2009a Smith et al. , 2014 Villalba et al. 2014 Villalba et al. , 2015 , the thalamic CM/Pf complex undergoes massive neuronal degeneration in PD. Thus, if striatal spine loss is a dynamic homeostatic process set in motion to compensate for functional changes in SPNs activity induced by the progressive degeneration of the nigrostriatal dopaminergic system (Smith et al. 2009b; Villalba et al. 2009; Fieblinger et al. 2014) , we believe that the early breakdown of the glutamatergic thalamostriatal system may be a determining factor for the cellular specificity of striatal spine loss in the parkinsonian state (Villalba et al. , 2015 .
Does degeneration of the CM/Pf thalamic complex contribute to the pattern of striatal spine loss in PD?
Although there is not a definitive answer to this question, this important issue has been overly neglected in our understanding of the overall network changes that lead to striatal spine plasticity in PD. As mentioned above, the CM/Pf thalamic nuclei undergo severe neuronal loss in PD (Henderson et al. 2000a, b; Halliday 2009; Smith et al. 2014; Villalba et al. 2014) . Because the CM/Pf is the main source of thalamic glutamatergic inputs to the striatum, the loss of these thalamic neurons and their corresponding axonal projections to the striatum ) is likely to further contribute to the synaptic homeostasis and scaling properties of remaining striatal glutamatergic synapses in the parkinsonian condition. Despite strong evidence for CM/Pf pathology in PD patients, attempts at mimicking such pathology in animal models of parkinsonism have led to variable results. While some authors did not find evidence for Pf degeneration 3 months after unilateral 6-OHDA nigrostriatal dopaminergic lesion (via MFB injection) in rats (Henderson et al. 2005; Kusnoor et al. 2012) , other studies, in the same animal model or after systemic administration of MPTP, reported significant Pf cell loss (Aymerich et al. 2006; Sedaghat et al. 2009; Freyaldenhoven et al. 1997 ). Some authors have also shown that intrastriatal administration of 1-methyl-4-phenylpyridinium ion (MPP?) induces significant Pf cells damage in rats, without any significant impact upon corticostriatal glutamatergic terminals (Ghorayeb et al. 2002) .
In nonhuman primates, we have shown that chronically MPTP-treated rhesus monkeys display 40-50% neuronal loss in CM/Pf (Villalba et al. , 2015 and that this neuronal loss impacts upon the relative abundance of vGluT2-positive terminals in the striatum . Although the underlying mechanisms remain to be elucidated, it appears that MPTP toxicity might be a more reliable tool to induce CM/Pf neuronal loss and degeneration of the thalamostriatal system in mice and monkeys (Ghorayeb et al. 2002; Villalba et al. , 2014 Smith et al. 2014; Toy et al. 2014) . For reasons discussed above, animal studies aimed at assessing the impact of parkinsonism on the anatomical and functional plasticity of glutamatergic axospinous synapses in the striatum must be achieved in animal models that display CM/Pf pathology Smith et al. 2014 ). However, most rodent studies, except for that of Parker et al. (2016) , of PD-related striatal spine plasticity that have been achieved so far did not determine if the animals used in these experiments displayed Pf degeneration (Day et al. 2006; Soderstrom et al. 2010; Zhang et al. 2013; Fieblinger et al. 2014; Suarez et al. 2014 Suarez et al. , 2016 Parker et al. 2016) . Therefore, care must be taken in translating those data to the human-diseased condition (PD and L-DOPA-induced dyskinesia) without a reassessment of the anatomical and functional changes reported in those studies in animal models with concomitant lesion of both the glutamatergic CM/Pf-striatal and the dopaminergic nigrostriatal systems.
Does striatal spine loss affect corticostriatal and/ or thalamostriatal glutamatergic projections in PD?
This is a fundamental question to address if one hopes to understand the functional significance of striatal spine plasticity in PD. Using unbiased stereological synaptic counts, Ingham et al. (1998) reported *20% decrease in the total number of axospinous asymmetric synapses in the striatum of 6-OHDA-treated rats. However, the sources of the presynaptic terminals affected by this synaptic loss were not determined in this early study. We and others have recently addressed this issue in monkey and mice models of PD using vesicular glutamate transporter 1 (vGluT1) or vGluT2 as specific markers of cortical or thalamic terminals, respectively. Thus, findings from our laboratory have shown a significant decrease in the total number of putative glutamatergic terminals (as revealed by asymmetric synaptic specializations) in the putamen of MPTP-treated parkinsonian monkeys ). However, when labeled cortical (vGluT1-positive) or thalamic (vGluT2-positive) terminals were counted, the relative density of corticostriatal terminals in the putamen and the caudate nucleus was either unchanged or significantly increased (Raju et al. 2008; , while there was a significant decrease in the prevalence of thalamostriatal terminals in these animals (Raju et al. 2008; . These findings are consistent with human data showing a slight increase in the amount of vGluT1 protein expression in the putamen of PD patients compared with controls (Kashani et al. 2007 ). However, these findings are different from those of recent studies showing a profound reduction in the total number of vGluT1-positive terminals in 6-OHDA-treated parkinsonian rats (Zhang et al. 2013; Fieblinger et al. 2014 ).These studies also demonstrated that the pruning of corticostriatal synapses selectively affected indirect pathway neurons, which displayed decreased intrinsic excitability and reduced cortical excitatory drive after striatal dopamine depletion (Fieblinger et al. 2014; Fieblinger and Cenci 2015; Suarez et al. 2016 ). Conversely, D1R-containing direct pathway neurons did not display any significant loss of cortical inputs and exhibited increased excitability in the same model (Fieblinger et al. 2014) . Although Fieblinger et al. (2014) did not determine if the morphologic and functional changes of cortical synapses also applied to thalamostriatal glutamatergic afferents, other studies led to controversial results in that regard. On the one hand, Zhang et al. (2013) concluded that the number of vGluT2-containing thalamostriatal terminals did not change in 6-OHDA-treated rats (Zhang et al. 2013) , while a recent study showed a selective decrease in the strength of thalamic synapses on direct SPNs in 6-OHDA-treated mice (Parker et al. 2016) .
Although these data are difficult to reconcile without additional information, it is noteworthy that none of these rodent studies were achieved in animal models that displayed significant thalamic pathology, while our nonhuman primate data were gathered from MPTPtreated monkeys with significant CM/Pf neuronal loss . As discussed above, the lack of thalamostriatal lesion in the rodent models of PD is a concern that must be addressed to assess the significance of findings collected in these animals toward the human parkinsonian state condition. The need for mice PD models with significant Pf cell loss is imperative to reconcile these various datasets.
Striatal glutamatergic axospinous synapses remodeling; another form of plasticity that may abnormally drive direct pathway neurons in advanced parkinsonian state and L-DOPAinduced dyskinesia?
As discussed above, morphometric changes in various elements of axospinous glutamatergic synapses have been closely linked to the plasticity and altered functional properties of these synapses in normal and pathological condition in various CNS regions (see above). In addition to changes in the number of dendritic spines, the remodeling of glutamatergic axospinous synapses in the striatum has also been reported in rodent and monkey models of parkinsonism (Ingham et al. 1993 (Ingham et al. , 1998 Anglade et al. 1996; Meshul et al. 1999 Meshul et al. , 2000 Smith et al. 2009b; Villalba and Smith 2010 , 2011a , 2013 Zhang et al. 2013; Suarez et al. 2014 Suarez et al. , 2016 Villalba et al. 2015) . Earlier studies in 6-OHDA-treated rats have demonstrated a significant increase in the number of perforated asymmetric synapses in the striatum, a plastic change commonly associated with increased glutamatergic synaptic transmission (Ingham et al. 1993 (Ingham et al. , 1998 Anglade et al. 1996; Meshul et al. 1999 Meshul et al. , 2000 . We recently extended these observations in chronically MPTP-treated parkinsonian monkeys using 3D electron microscopy reconstruction of individual corticostriatal and thalamostriatal glutamatergic synapses (Fig. 3a, a.1, a.2 , b, b.1, b.2). Our data revealed a significant increase in the volume of dendritic spines and the presynaptic glutamatergic afferents as well as increases in the area of post synaptic densities (PSD) at both cortical and thalamic glutamatergic synapses in these animals (Fig. 3c, d ) (Smith et al. 2009b; Villalba and Smith 2010 , 2011a , 2013 Villalba et al. 2015) . This study did not provide information about the striatal SPN subtypes that were affected by the remodeling of these axospinous synapses. However, a recent study in mice has shown that these changes might be specific to D1R direct pathway neurons . Using the intrastriatal 6-OHDA-treated mouse model of PD, these authors have demonstrated that the remaining spines and PSDs of glutamatergic synapses on D1R direct pathway neurons, but not on D2R indirect pathway neurons, undergo significant growth in L-DOPA-treated dyskinetic mice (Darmopil et al. 2009; Murer and Moratalla 2011; RuizDeDiego et al. 2015 RuizDeDiego et al. , 2016 Solis et al. 2015 Solis et al. , 2016 Suarez et al. 2016) . They also showed that these structural changes were associated with increased strength of corticostriatal glutamatergic synapses on these neurons. In agreement with results from a previous study (Fieblinger et al. 2014) , these authors also showed that L-DOPA treatment could reverse the spine loss on D2R indirect pathway neurons, but that this spine recovery did not induce any significant change in the strength of cortical afferents to indirect pathway neurons. As discussed above, another important observation made by Suarez and colleagues (Suarez et al. 2014 is that mice models of PD developed through intrastriatal 6-OHDA injection display homogeneous striatal spine loss on both D1R and D2R SPNs. These findings are consistent with data from human PD patients and chronically MPTP-treated monkeys , 2011b , 2013 Villalba et al. 2015; Singh et al. 2015) , but different from other rodent studies showing selective loss of spines on D2R indirect pathway neurons after 6-OHDA administration in the MFB (Day et al. 2006 (Day et al. , 2008 Schuster et al. 2009; Fieblinger et al. 2014) . Thus, it appears that the effects of DA loss and L-DOPA-induced dyskinesia on striatal spine plasticity are far more complex than a mere selective spine loss of D2R indirect pathway neurons that can be reversed by L-DOPA. Despite the controversy between some of the rodent studies, the human and monkey observations as well as the recent findings from Suarez et al. (2014 Suarez et al. ( , 2016 highlight the complex nature of the plastic changes that regulate axospinous glutamatergic synapses in parkinsonian and dyskinetic conditions (Suarez et al. 2014 . We suggest that the degeneration or not of the thalamostriatal system from CM/Pf may contribute to some of the discrepant findings presented in these studies. Future rodent studies in this field must pay closer attention to the state of the thalamostriatal system in the animal models used to generate data that can be more closely related to the human disease condition.
Are the morphology and functional properties of both corticostriatal and thalamostriatal glutamatergic synapses affected in the parkinsonian and dyskinetic states?
Data obtained so far from various animal models only partly address this important issue. In chronically MPTP-treated parkinsonian monkeys that display significant nigrostriatal and thalamostriatal lesions, axospinous synapses that involve both corticostriatal (vGluT1-positive) and thalamostriatal (vGluT2-positive) terminals undergo profound synaptic remodeling Smith 2010, 2011a; Villalba et al. , 2015 . However, Zhang et al. (2013) recently reported an aberrant restoration of spines and corticostriatal synapses, without any significant effect on thalamostriatal synapses, after L-DOPA treatment in a mouse model of L-DOPA-induced dyskinesia. It is noteworthy that the state of degeneration of the thalamostriatal system in animals used in this study was not assessed (Zhang et al. 2013 ). This lack of critical information makes these findings difficult to compare with the monkey and human data gathered from cases with severe thalamostriatal degeneration (Henderson et al. 2000a, b; Smith 2010, 2011a; Villalba et al. , 2015 . In contrast to the findings of Zhang et al. (2013) , a recent study demonstrated that striatal dopamine loss results in a selective decrease in synaptic strength of the thalamostriatal, but not corticostriatal, projections that innervate specifically D1R direct pathway neurons in intra-MFB 6-OHDA-treated mice (Zhang et al. 2013; Parker et al. 2016) . Although the authors did not report information about the morphology of SPNs, they highlighted the fact that there was no evidence for Pf cell death in the mice used in their study (Parker et al. 2016) . The data of the Parker et al. (2016) differ from other recent ex vivo results showing that the strength of corticostriatal projection on D2R indirect pathway SPNs is reduced in parkinsonian mice (Fieblinger et al. 2014; Suarez et al. 2016) . Thus, the small amount and controversial outcome of studies published so far make conclusions difficult to draw about the impact of parkinsonism and LID on corticostriatal versus thalamostriatal synapses. However, there is a significant likelihood that CM/Pf cell death induces structural and functional remodeling of thalamostriatal synapses in PD patients, as was shown in MPTP-treated monkeys ) thereby reinforcing the fact that rodent models of PD that mimic nigrostriatal and thalamostriatal lesions are needed to further address this issue.
Coming up with a consensus about the possible pathophysiology of these glutamatergic systems in human PD and L-DOPA-induced dyskinesia is of critical importance. Because the striatum is one of the main gateways of extrinsic information to the basal ganglia circuits, a disruption of cortical and/or thalamic inputs to specific or both subsets of striatal SPNs could have significant consequences on the whole basal ganglia-thalamocortical circuitry. Elucidating the exact nature of the plastic changes striatal glutamatergic afferents undergo in diseased states may also help determine the substrate of some electrophysiology studies showing a significant increase in the firing rate and bursting pattern of SPNs in PD patients and animal models of parkinsonism (Calabresi et al. 1993; Liang et al. 2008; Azdad et al. 2009; Suarez et al. 2014 Suarez et al. , 2016 Fieblinger et al. 2014; Singh et al. 2015; . Although these findings were recently challenged by results of an MPTP-treated monkey study (Deffains et al. 2016) , they strongly suggest that abnormal glutamatergic transmission in the mammalian striatum may contribute to the pathophysiology of parkinsonian motor signs (Calabresi et al. 1993; Papa and Chase 1996; Chase et al. 1998; Gubellin et al. 2002; Picconi et al. 2004 ).
Could remodeling of perisynaptic astrocytes contribute to functional changes of axospinous glutamatergic synapses in parkinsonism?
Astrocytes in the CNS undergo dynamic structural remodeling in response to physiological or pathological changes in synaptic activity (Dervan et al. 2004; Theodosis et al. 2008; Reichenbach et al. 2010; Penzes et al. 2011; Potts et al. 2014; Heller and Rusakov 2015; Singh et al. 2015; Blanco-Suarez et al. 2016; Singh et al. 2016) . Astrocytes are involved in the formation and maintenance of glutamatergic synapses and have a crucial role in the turnover and enlargement of spines (Witcher et al. 2007 (Witcher et al. , 2010 Barres 2008; Buard et al. 2010; Pfrieger 2010; Martin et al. 2015) . Comparative studies using 3D reconstruction, animal models of PD, as well as human PD, have shown that in response to DA denervation astrocytes in both the striatum and GP occupy a larger volume (Charron et al. 2014) . This increase in the volume is mainly due to the reorganization and enlargement of astrocyte processes at the level of asymmetric synapses (Charron et al. 2014) , but also to an increase in the number of astrocytes (Dervan et al. 2004; Henning et al. 2008; Charron et al. 2014) .
The modifications in astrocytes morphology and in their spatial relationships with glutamatergic synapses in the striatum of PD models, together with the different molecular mechanisms by which astrocytes respond to changes in neuronal activity, suggest that pathological changes in perisynaptic striatal astrocytes might play a key role in triggering and/or contributing to the morphological and functional changes in striatal network plasticity in parkinsonism (Villalba and Smith 2011b) . Data from our laboratory have shown that the synaptic remodeling of axospinous synapses in MPTP-treated monkeys is accompanied with a significant growth in the extent of glial coverage of striatal glutamatergic synapses in parkinsonian condition (Villalba and Smith 2011b; Villalba et al. 2015) . Using EM serial sections and 3D ultrastructural reconstruction, we have demonstrated significant growth in the extent of glial coverage of glutamatergic axospinous synapses that undergo remodeling in parkinsonian monkeys (Villalba and Smith 2011b; Villalba et al. 2015) . In control animals, perisynaptic astrocytes exhibit an interdigitated finger-like morphology (Fig. 4a, a.1, a. 2), while after MPTP treatment there is an expansion of their processes to surround the axospinous complexes (Fig. 4b, b.1,  b. 2), making them much tighter and continuous than in controls (Figs. 4a, a.1, a. 2). These changes affect both vGluT1-and vGluT2-positive glutamatergic axospinous synapses (Villalba and Smith 2011b) . These morphological and ultrastructural changes in perisynaptic astrocytes might underlie an active participation of glial processes in structural plasticity of glutamatergic synapses in the striatum, as previously shown in the hypothalamus (Theodosis et al. 2008 ) and hippocampus (Ventura and Harris 1999; Witcher et al. 2007 Witcher et al. , 2010 . A better understanding of glianeurons communication at corticostriatal and thalamostriatal synapses in normal and pathological conditions might help to characterize the pathophysiology of striatal glutamatergic afferents in the parkinsonian state.
Concluding remarks
Evidence for pruning and anatomo-functional plasticity of axospinous glutamatergic synapses in PD has grown in recent years. Despite these major advances, key issues still remain unanswered or controversial about the progression and significance of these changes toward the pathophysiology and symptomatology of PD. In this review, we discussed these challenges and highlighted some of the main questions that warrant further studies in animal models that better display the pathology of the glutamatergic and dopaminergic systems in PD. Most importantly, we believe that the lack of consideration of thalamic degeneration in most rodent studies that have been recently achieved represents an important limitation that may contribute to some of the discrepancies raised in this review. The degeneration of intralaminar thalamic nuclei being a key feature of thalamic pathology in human PD and the fact that the degenerated thalamic nuclei are the main sources of the glutamatergic thalamostriatal system strongly suggest that thalamic degeneration must be induced in animal models used to study plastic changes of glutamatergic transmission in parkinsonism. However, rodent studies published so far that investigated this issue either did not report any information on thalamic pathology or indicated that the thalamus was not affected in the mouse model used in the study.
Altogether, the current state of knowledge gained from postmortem human material, rodent, and nonhuman primate models of PD indicates that 1. Striatal spine loss is a plastic phenomenon that affects preferentially the dorsal striatum (because DA denervation is more pronounced) in both PD patients and various animal models of parkinsonism. 2. In chronically MPTP-treated monkeys, striatal spine loss is an early event that is tightly correlated with the extent of striatal dopamine denervation, but not with the severity of parkinsonian motor symptoms. We suggest that this early striatal spine loss might be a homeostatic response to compensate for the progressive breakdown of the regulatory functions of dopamine upon SPNs activity and corticostriatal glutamatergic transmission.
3. At least some of the remaining axospinous glutamatergic synapses undergo profound morphological changes consistent with increased synaptic strength in rodent and monkey models of PD. Despite convincing evidence that synaptic remodeling is induced, many important lingering questions remain unanswered about this plastic phenomenon. When does it occur during the course of striatal dopamine denervation? Does it affect both direct and indirect pathway neurons? Does it involve both thalamostriatal and corticostriatal glutamatergic synapses? Is it the main substrate of increased corticostriatal glutamatergic transmission in parkinsonism? Does it represent a form of maladaptive plasticity that contributes to the development and severity of PD motor symptoms? Is it worsened by L-DOPA treatment and the development of dyskinesia?
As discussed in the review, partial information has been gathered about some of these issues, but because of controversial reports, a consensus awaits further studies. In light of findings published so far, we hypothesize that the increased size of spines, presynaptic glutamatergic terminals and PSDs is a form of late maladaptive plasticity that affects both corticostriatal and thalamostriatal glutamatergic synapses on D1R direct pathway neurons after severe and prolonged striatal dopaminergic denervation. We suggest that these changes play a critical role in mediating increased glutamatergic transmission which may contribute to the increased firing rate of SPNs in the parkinsonian state.
4. Some controversy remains about the extent and progression of spine loss on D1R direct vs D2R indirect pathway neurons. Data suggesting that either both populations or only D2R indirect pathway neurons undergo spine loss in parkinsonism have been reported. Because these findings were gathered from different animal models, the underlying substrate of these discrepancies remains unclear. As mentioned above, we believe that this issue must be examined in animal models that display both nigral and early thalamic pathology to better reflect the state of human PD. The selective loss of spines on D2R neurons reported in some rodent studies may illustrate the effect of acute 6-OHDA-induced striatal DA denervation, while early degeneration of the thalamostriatal system combined with progressive nigrostriatal dopaminergic cell loss may affect spine plasticity on both D1R and D2R SPNs. Future studies are needed to directly test this hypothesis. 5. Based on data gathered from rodent models of PD, of which the state of thalamic pathology remains unknown, L-DOPA reverses striatal spine loss selectively on D2R indirect pathway neurons. These observations must be confirmed in animal models PD that harbor both thalamic and nigral lesions.
In conclusion, striatal spine plasticity is a cardinal and intricate feature of PD that likely contributes to both compensatory homeostatic regulation of SPNs activity during the prodromal ''motor asymptomatic'' stage of the disease and maladaptive plasticity that may significantly contribute to the pathophysiology of striatal glutamatergic afferents and parkinsonian motor signs in advanced stage of PD. 
